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The method is based on the capability of porphyrins to be selectively localized in malignant tumours. Light activation of the localized porphyrin induces damage to mitochondria, cellular organelles, membranes, DNA, and specific proteins by singlet oxygen, produced under aerobic conditions and possibly by hydroxyl radicals (Reviewed by Moan, 1986; & Van Steveninck et al., 1986) . Photodynamic therapy is based on administration of an HPD solution to the cancer patient and later on, illumination of the tumour by a 630nm laser light beam. The treated area undergoes necrosis, with minimal changes in the surrounding tissues (Dougherty, 1984; Land, 1984; Berenbaum et al., 1982) .
Although HPD is quite an effective tumour localizer, the trend is to synthesize new porphyrin-compounds with higher tumour localizing capacities, and being chemically well defined, to overcome the main problem of HPD viz. its complex porphyrin composition and aggregation state (Kessel & Chou, 1985; Evensen et al., 1984) . Recently, a variety of new molecules with good tumour localization and sensitization properties were introduced into experimental systems, like haematoporphyrin di-ethers (Rimington et al., 1987) and chlorin-porphyrin ester . Uroporphyrin I was reevaluated mainly for diagnostic applications (El-Far & Pimstone, 1986) . On the other hand, it is well known that the natural protoporphyrin is an excellent photosensitizer, inducing haemolysis and light sensitivity of the skin in porphyric patients (Meyer & Schmid, 1978) . It is a poor tumour localizer despite its high photo-activity potential on in vitro incubated cells (Malik & Djaldetti, 1980) . In addition, protoporphyrin is biosynthesized in low amounts, by all tumour cells, as well as non-transformed tissues, while in specific transformed cells such as erythroleukaemia, it can be produced more efficiently (Marks & Rifkind, 1978) . In their proerythroblastic phase the enzymatic activity of porphyrin biosynthesis was found to be constitutive, except for the first enzyme, the ALA-synthase which is the rate limiting step of the pathway and is inducible (Sassa, 1976) , and iron uptake from transferrin (Lasky et al., 1986) . Therefore, in order to induce porphyrin synthesis by erythroblasts, exogenous 5-ALA must be supplied to circumvent the first limiting enzyme .
Mice injected with 5-ALA showed porphyrin production in the skin, an effect similar to that of 5-ALA in cultured Friend erythroleukaemic cells (Pottier et al., 1986) . From both these systems it can be concluded that the cellular concentration of porphyrin can be increased by exogenous addition of the precursor for porphyrins.
The purpose of the present study was to determine whether endogenous porphyrins produced from 5-ALA erythroleukaemic cells can serve as specific and selective cell destructive agents following photo-activation. The porphyrin bands were detected by their red fluorescence under ultraviolet light and photographed on Kodak Ektachrome film using a red filter on the camera lens (Falk, 1964) . Haem was the non-fluorescenting spot accumulated just beyond the origin, in parallel with a haem marker.
Quantitation ofporphyrins Each porphyrin methyl ester band was scraped of the silica gel plate, put into a tube and eluted by shaking with 2 ml chloroform. Absorbance was read in a Gilford 240 spectrophotometer. Relevant Soret band wave lengths and extinction coefficients for haemin and porphyrin methyl esters were recorded as described by Falk (1964) .
[14C]Porphyrin methyl ester fractions were scraped off, extracted with chloroform and counted in Insta-Gel-Packard in a Tricarb counter (Packard). Elution efficiency of a protoporphyrin methyl ester standard was 92%.
Photosensitization of cells FELC grown in 5-ALA enriched media were collected at indicated time intervals and washed in PBS (0.1 M, pH 7.2). The resuspended cells (106ml-1) were irradiated for 2min from 10mm distance, using a 'black-light' source, delivering lOW m 2. The emission spectra of the light were in the region 320-450nm, with a maximum at 380nm. Less than 0.1°C rise in the medium was recorded after 2 min illumination. At the end of light exposure the cells were immediately collected and fixed by glutaraldehyde 2.5% in phosphate-buffer 0.1 M pH 7.2, at room temperature for 1 h and then processed for electron microscopy or flow cytometry.
Preparationfor transmition EM Cultures were fixed by 2.5% glutaraldehyde in phosphate buffer pH 7.2, post-fixed by osmium tetroxide 2%, embedded in Epon 812, thin sectioned by a LKB Ultratome III, and stained with uranyl acetate and lead citrate. The samples were examined by a Jeol 1200EX electron microscope.
Preparation for SEM Cells were fixed by 2.5% glutaraldehyde in phosphate buffer pH 7.2, then washed in the same buffer, and post fixed by osmium tetroxide 2%. The third step of fixation was performed in a solution of tannic acid-guanidine hydrochloride (Gamliel, 1985 Enrichment of the culture medium with 5-ALA stimulated porphyrin production in the undifferentiated proerythroblastic cells. Figure 1 shows the porphyrins produced in FELC after 8 days of incubation with 5-ALA. Protoporphyrin, coproporphyrin and uroporphyrin are the biosynthesised products. Control cells grown without 5-ALA contain only traces of these products, indicating that endogenous porphyrin synthesis by FELC is dependent on the internal pool of the precursor for the tetra-pyrrole rings in the cells.
Supplementation of exogenous 5-ALA plus [14C]-ALA to the culture enabled quantitation of the relative amounts of each porphyrin produced (Figure 2 ). Thin layer chromatography followed by radioactivity determination of the fractions showed that after 4 days of incubation uroporphyrin was the main product followed by protoporphyrin, while after 8 days protoporphyrin was produced and accumulated to a very high level. The total amount of protoporphyrin was more than 5 times higher than all other porphyrins together. Spectrophotometric determination of the recovered protoporphyrin indicated an amount of 1.5 4g 10-7 cells after 8 days in culture. It is conceivable that both uroporphyrin and protoporphyrin may act as photosensitizers in these cells. It should be emphasized that haemin, iron-protoporphyrin, was produced in the cells, besides the other metal-free porphyrins.
The unique metabolic capacity of these erythroid cells to synthesize and accumulate porphyrins was used for their selective inactivation. FELC were grown for different time intervals in 5-ALA medium, illuminated for 2min and fixed for EM. Figure 3a -f depicts the process of erythroleukaemic cell destruction by photoactivation of endogenous porphyrins as analysed by SEM. Figure 3a shows control unilluminated cells grown for 3 days; the cells possessed microvilli and a ruffled surface. Figure 3b Distance TLC (cm) Figure 2 [(4C]-methyl-ester porphyrins fractionated by thin layer chromatography (TLC). The porphyrins were produced by FELC from 5-ALA after 4 day culture (a), and after 8 days (b), H-haemin; U-uroporphyrin; C-coproporphyrin P-protoporphyrin.
was detected in 5 day cultured FELC followed by illumination ( Figure 3d ). As a consequence of hole formation the sensitized cells showed heavily damaged membranes. The 6 day (Figure 3e , f) cultured FELC were completely disintegrated by photoactivation of their endogenous porphyrins. The nucleus remained relatively resistant while other organelles disappeared almost completely.
Quantitation of the cell destruction process was made by counting the damaged cells in the SEM (Figure 4) . The results indicate that the degree of damage was dependent on time in culture as reflected by the number of the disintegrated and deformed cells. It is conceivable that the degree of damage was associated with the accumulated amount of endogenous porphyrins which had been photoactivated and thus induced cell destruction. Furthermore it is possible that intracellular porphyrins undergo rearrangements in a time-dependent process and thus contribute to the present phenomena.
Cell volume changes related to the photodynamic inactivation process were analyzed by flow cytometry ( Figure 5 ). Orthogonal light scattering emphasized that FELC grown with 5-ALA undergo cell volume decrease (left hand shift) after the third day in culture as do control cells, as part of the erythroid differentiation programme (Zucker, 1979 ) (see Figure Sa, b) . On the other hand 2 min light exposure of these cells (the third and fourth day of 5-ALA culture) reversed this phenomenon by increasing cell volume: right hand shift (Figure 5c ). Cell volume expansion following light sensitization can be explained by a rapid water influx into the sensitized cell.
The ultrastructural changes in FELC accompanying light activation of endogenous porphyrins were analysed by transmission electron microscopy (Figure 6a-d) . Control cells, grown with 5-ALA for 2 days, but unexposed to light showed well preserved organelles and structure (Figure 6a ), whereas exposure to light for 2min of these 2 day 5-ALA cultured cells affected mainly mitochondria, which were observed to be swollen, and in addition induced a marked enlargement in the inner space of the nuclear envelope (Figure 6b ). Advanced stages of damage were detected in cells after 3 days growth or more. Figure 6c shows an intermediate stage of decomposition where the outer membrane was already ruptured, the nuclear envelope was ballooned, mitochondria were swollen, and the chromatin became aggregated. Figure 6d shows the remnant of a photosensitized cell -a nucleus, surrounded by a swollen envelope.
The stages of damage were classified into 3 levels: stage I -minor changes in mitochondria and nuclear envelope, without rupture of the outer membrane; stage IIaggregation of chromatin, pronounced water influx phenomenon, and slight rupture of the outer membrane; stage III -lysis of the cytosol leaving the nucleus with a swollen envelope. Quantitation of the photodynamic effect is depicted in Figure 7 according to these criteria. The second day cells were only affected slightly, whereas cells cultured for longer, and accumulating more porphyrins, showed increased degrees of damage and percentage lysis (Figure  7b, c) . The ultrastructure of the porphyrin-loaded control cells, unexposed to light was actually unchanged. The total photodynamic effect was that >95% of the calls were heavily damaged by light activation of the endogenously synthesized porphyrins.
Discussion
The present results demonstrate photoinactivation of erythroleukaemic cells mediated by the photodynamic effect of endogenous porphyrins. Biosynthesis of porphyrins in the proerythroblasts was stimulated by 5-ALA enriched culture medium. The main accumulated product was uroporphyrin which later on was converted enzymatically to protoporphyrin. The accumulation of protoporphyrin was a consequence of the lack of ferrochelatase in the mitochondria, needed for iron insertion into the ring . It was demonstrated previously that protoporphyrin is naturally the most hydrophobic porphyrin in the cell, with the highest tendency to be bound to membranes, while the other intermediate compounds uroporphyrin and coproporphyrin, showed lower hydrophobicity and a lower tendency to be localized into membranes (Breitbart et al., 1984) .
In the present study the mitochondrion was shown to be the first organelle to be affected by illumination in addition to an enlargement of the nuclear envelope inner space. From this evidence we may conclude that endogenous porphyrin was accumulated initially in mitochondria. Cells cultured for more than 3 days and exposed to light were sensitized in a variety of loci, including the chromatin and plasma membrane. From a general pathobiological point of view, damage to mitochondria is believed to be reversible, while chromatin condensation and punctured outer membrane are signs of irreversible alterations (Johannesen, 1978) . The present experiments indicate that the endogenously produced protoporphyrin and possibly, to some extent other porphyrins, were gradually translocated to other cytoplasmic membranes and other sensitive sites in the cell , and by photosensitization induced the cellular damage. The sequence of events following irradiation were an immediate cell volume increase depicted by flow cytometry, which corresponds to malfunction of the membrane, and morphological deformations and cell rupture scanning electron microscopy. Furthermore, transmission electron microscopy revealed a primary influx of water into the nuclear envelope and swollen mitochondria. Photodynamic damage to mitochondria was reported very early in the field and established by several studies (Salet, 1986) . Photoactivation of the trapped porphyrin affects mitochondrial enzymes (Salet, 1986) decreasing overall ATP production . Furthermore, membrane embedded proteins undergo intrapeptide or interpeptide cross-linking, by damage to SH groups (Van Stevninck et al., 1983; Moan & Vistines, 1986) . Even more important is the inhibition of Mg+ + and Na+-K+ ATPases in plasma membranes (Breibart et al., 1984; Breibart & Malik, 1982) . Reduced activity of ATP-dependent enzymes may be due to total depletion of the ATP pool, following mitochondrial damage. Disturbances in ion transport enzymes accelerate water penetration into the cytoplasm and inner closed cellular membrane systems as the total cell osmolarity becomes greater than the outer environment. It has been demonstrated that organization of chromatin in relaxed or condensed nucleosome zig-zag fibres is largely dependent on ion concentration (Woodcock et al., 1984) . Thus, water influx into the nuclear envelope and nucleus will probably result in DNA synthesis alteration which was described as a general phenomenon in photosensitized cells (Malik & Djaldetti, 1980) . Cell lysis was the end phase of porphyrin photosensitization of FELC, an effect similar to that of photoporphyrin on erythrocytes and reticulocytes, while the nucleus was the only remnant from the destroyed FELC.
Erythroleukaemia may serve as a model system for the combination of two selective properties, the capacity for efficient porphyrin synthesis, and photodynamic inactivation. Such a combined method may be clinically applicable for phototherapy of transformed cells possessing elevated porphyrin biosynthetic capacity, as was shown for different human carcinomas when compared to normal adjacent cells (Rubino & Rasetti, 1966) . In vivo administration of 5-ALA in adequate dosages was shown to be safe (Pottier et al., 1986) . Only the erythroleukaemic cells in circultion will synthesize and accumulate prophyrins and by appropriate light exposure they will be inactivated with maximal safety to the host.
